Abstract.-The foot-and-mouth disease virus-RNA polymerase complex was released from membrane particulates present in the cytoplasm of infected baby hamster kidney cells. The soluble polymerase complex was fractionated by zonal centrifugation in sucrose gradients. Two polymerase complexes (RNA and protein complex) active in the cell-free system were isolated and had S-rate ranges of 20-70S and 100-300S, respectively. The light polymerase complex contained 20S double-stranded RNA; and the heavy polymerase complex contained a polydisperse, partially RNase-resistant RNA. The cell-free product of these two polymerase complexes was analyzed by zonal centrifugation in sucrose gradients. The light polymerase complex synthesized only 20S doublestranded RNA. The product of the heavy polymerase complex contained no detectable 20S double-stranded RNA and only a peak of single-stranded RNA with S-rate corresponding to 37S viral RNA. A third polymerase complex was isolated with S-rate greater than 300S, and it contained a polydisperse, partially RNase-resistant RNA. This third polymerase complex synthesized both 37S viral RNA and 20S double-stranded RNA in the cell-free system, and it is probably the native polymerase complex still bound to cellular particulates.
RNA polymerase have shown that it contains two components, both of which are required for replication of the parent, single-stranded RNA. However, the role of these two components in the RNA replication mechanism has not been elucidated. Work with temperature-sensitive mutants by Lodish and Zinder2 provides strong evidence that two enzymes are required to replicate F2 bacteriophage RNA. Progress in animal virus-RNA replication has been hampered because of membrane components and excessive levels of nucleases. We have partially overcome these difficulties3'5 and have approached the study of the mechanism of foot-and-mouth disease virus (FMDV) RNA synthesis by analysis and purification of the active RNA-enzyme complex. Analysis of the FMDV-polymerase complex by centrifugation gave three RNAenzyme components: a light component which synthesized 20S doublestranded RNA; a heavy component which synthesized 37S single-stranded viral RNA; and a third component, designated aggregate polymerase component, which synthesized both single-stranded and double-stranded RNA. The latter may represent the native FMDV-RNA replication unit. Cells: Baby hamster kidney 21, clone-13 cells, obtained from the American Type Culture Collection, were grown in 2-liter Baxter bottles rotated on a three-tiered roller mill as previously described.6 Experiments were carried out on 6-to 7-day-old cells with each bottle containing from 6 to 8 X 108 cells.
Virus and infection procedure: Foot-and-mouth disease virus (type A, strain 119), passaged once in mice and 150 times in calf kidney cultures, was concentrated and partially purified to a versene-free "aqueous phase" stage.7 Infection procedures have been described.8
Preparation of the membrane-free polrymerase complex: The polymerase complex (membrane-bound) was prepared from infected cells at 210 min postinfection as previously described.3 All operations were done at 0-4°unless otherwise specified. The mitochondria-microsome fraction (the membrane-bound polymerase complex) from 6 to 8 X 109 cells was homogenized in 12-14 ml of 0.25 M sucrose, 0.001 M MgC12. 3-4 ml was layered onto each of three tubes containing 2.5 ml of 20% sucrose in 0.001 Al MgCl2, 0.01 M Tris-HCl, pH 7.5 (TM), and centrifuged 2 hr at 25,000 rpm in the SW25.1 rotor at 10. The pellets were homogenized in 10-12 mil of TM and adjusted to 1 mg/ml in dextran-sulfate 500 and 0.5% in sodium desoxycholate. Each reagent was added dropwise, and dextran sulfate was added first. Two volumes of 100% ethanol were added dropwise, with stirring, at -12°. The suspension was centrifuged at 10,000 X g for 10 min at -150, and the clear supernatant was discarded. The precipitate was homogenized in 7 ml of TM and dialyzed overnight against 1 liter of TM. The suspension was centrifuged at 12,000 X g for 10 min, and the supernatant was carefully removed with a pipette. The supernatant fluid that contained the membrane-free polymerase complex was made 20% in glycerol and stored at -60°. Results.-Activity of the membrane-free polymerase complex: We have recently published results of experiments on the "soluble polymerase complex" from FMDV-infected cells.4 This preparation is a mitochondria-microsome preparation in which the polymerase complex and membranes were released from one another by detergent, although both were still present in the preparation.
The results of that study showed that two major S-rate classes of RNA-protein complexes were present in the soluble polymerase complex. One was a 100-300S complex and the other a 20-70S complex. No exact determination of the S-rate limits of either complex has been made. The soluble polymerase complex was further purified by removing membranes and the detergent (Table 1) . About 50 per cent of the starting activity was lost in this purification procedure with a two-to threefold increase in the specific activity over the crude cytoplasm. The membrane-free polymerase complex was stable when stored in 20 per cent glycerol at -60°even after repeated freezing and thawing. This preparation will be referred to hereafter as the polymerase complex. The RNA product synthesized was similar to that made by the crude membrane-bound polymerase complex,3' 1 namely, 37S single-stranded viral RNA, 20S double-stranded RNA, and a heterogeneous RNA. Sucrose gradient analysis of the polymerase complex: The polymerase complex was pulse labeled for five minutes in the cell-free system with H3-UTP. The time course of its activity was similar to that of the membrane-bound complex.3 The reaction mixture was chilled and layered directly on a 10-50 per cent linear sucrose gradient. After centrifugation at 15,000 rpm for 17 hours, the components of the polymerase complex were distributed in a 20-70S class, a 100-300S class, and a greater than 300S class (the pellet) (Fig. 1) . These classes will be referred to as the "light," "heavy," and "aggregate" polymerase components, respectively. Analysis of the pulse-labeled RNA of the components of the polymerase complex: The polymerase complex was pulse labeled for five minutes in the cell-free system VOL. 62, 1969 as shown in Figure 1 ,WJ' gate component and the heavy component ( Fig. 2A and B (Fig. 20 , which H3-UTP for 5 min in the cell-free system.
The mixture was chilled and layered directly was completely resistant to RNase. on a 10-50% linear sucrose gradient con-Note that very little or no 20S doubletaining 0.01 M Tris HCl, pH 7.5, and 0.004 M MgCl2. The sample was centrifuged at stranded RNA was present in the heavy 15,000 rpm at 10 in the SW25.1 rotor for 17 component (Fig. 2B) or the aggregate hr. The direction of sedimentation was component ( Fig. 2A) Separation of the polymerase complexes: The above experiments with the fiveminute pulse-labeled polymerase complex suggest that two polymerase complexes make up the FMDV-RNA replication unit. These two polymerase complexes were demonstrated by fractionating the active polymerase complex on a sucrose gradient and assaying for polymerase activity across the gradient (Fig. 3) . The results show that polymerase complex activity was present in the two major S-rate classes in the gradient (namely, the heavy and light components) and in the pellet at the bottom of the tube (aggregate component). The latter contained about 22 per cent of the activity, and the total recovery of the polymerase activity was 93 per cent.
RNA products of the polymerase components: The sucrose gradient profiles of Figure 2 ponents. 0.8 ml of polymerase complex was pulse-labeled for 5 min in the cell-free system (2.8-ml reaction mixture), layered directly on a 10-50% linear sucrose gradient, and processed as described in Fig. 1 . RNA was extracted with SDS from the peak tubes of the "aggregate component" (>300S), the "heavy component" (100-300S), and the "light component" (20-70S) and RNA profiles are shown in (A), (B), and (C), respectively. The gradients were 5-25% linear sucrose gradient in 0.01 M NaAc, pH 5.1. The gradients were centrifuged for 17 hr at 24,000 rpm in the SW25.1 rotor at 10. The percentages of labeled RNA in the pellet of (A), (B), and (C) were 21, 55, and 2%, respectively. The radioactivity at the top of the tube in (C) is residual TCA-soluble substrate.
precipitation (2 vol), and the RNA was extracted with SDS at pH 5.1. The sucrose gradient analysis of the RNA product of each polymerase component is shown in Figure 4 . In all three profiles, radioactivity was found at the top of the tube. This material is residual substrate radioactivity which is not seen if the fraction is dialyzed versus 0.2 M NaAc, pH 5.1, prior to TCA precipitation or if the original reaction mixture is concentrated by ammonium sulfate precipitation. The kinetics of polymerization of RNA by all three polymerase components were similar during the 60-minute period of observation with two-thirds to three-fourths of the total polymerization occurring in the first 30 minutes. The results are striking and show that the heavy component synthesized 37S single-stranded RNA (Fig. 4B) . Essentially no 20S double-stranded RNA was seen. It should be emphasized that the heterogeneous RNA3 10, 11 may also be present, since it is polydisperse in sucrose gradients and overlaps 37S viral RNA.5 The light component synthesized mainly 20S double-stranded RNA with little or no 37S single-stranded RNA (Fig. 4C) . Note that the 20S double-stranded RNA is completely RNase-resistant. The aggregate component synthesized both 37S single-stranded RNA and 20S double-stranded RNA (Fig. 4A) The mechanism of FMDV-RNA replication was investigated by isolating the functioning polymerase complex found in the infected cell, purifying it to some extent, and making use of template differences to fractionate the polymerases. Protein-RNA complexes were fractionated but not proteins themselves. The results showed that separation of the two active polymerase components was easily achieved (Figs. 3 and 4) . One polymerase component which synthesized 37S single-stranded RNA contained a heterogeneous, partially RNase-resistant RNA (Fig. 2B) -The RNA product synthesized by the polymerase complex components in the cellfree system. The polymerase complex was fractionated on a sucrose gradient as shown in Fig. 3 and a 1-ml aliquot of the 5-ml pellet fraction (A). Tube number 8 (B) and tube number 28 (C) that correspond to the "aggregate," the "heavy," and the "light" components, respectively, were incubated in a 1.8-ml cell-free reaction mixture containing 125 ug/ml dextran sulfate 500 for 60 min at 37°. The reaction mixtures were concentrated by alcohol precipitation, and the RNA was extracted with SDS. The SDS extract was layered directly on the gradient as shown in Fig. 2 . The percentages of labeled RNA in the pellet of gradients A, B, and C were 15, 15, and 3%, respectively. The labeled material at the top of each gradient profile is residual acid-soluble material not seen if the fraction is dialyzed in high salt prior to TCA precipitation, or if the reaction mixture is concentrated by ammonium sulfate precipitation prior to RNA extraction. which must be incomplete double-stranded RNA (Fig. 2C) . Further work is required to determine if any slight S-rate differences exist between the doublestranded RNA template and product of the light component (cf. Figs. 2C and 4C) .
The evidence presented here indicates that single-stranded 37S viral RNA synthesis can occurindependently of 20S double-stranded RNA synthesis. Therefore, it follows that two enzyme-RNA complexes are present in the FMDV-RNA replication complex. If it is assumed that there are two unique enzymes, the native polymerase complex may be a large multistranded double-stranded RNA complex in which both polymerases function. One polymerase may be working on templates which are still being completed by the other. In other words, the incomplete nascent viral-RNA chain product of the one polymerase becomes the template for the other polymerase. This model has recently been put forward by the Spiegelman group.'2 Therefore, it is tentatively concluded that the aggregate component contains RNA which is multistranded (Franklin structure) and contains double strands forming on nascent viral-RNA chains. It may well be that the aggregate component is the RNA replicating unit and that the purification scheme has dissociated this unit into two different polymerase components, the light and heavy. 82".Q)7 VOL. 62, 1969 
